Face perception in humans is governed more by right-hemispheric than left-hemispheric neural correlate. Some but not all neurophysiological studies depict a right-side dominance for face responsive neurons in the brains of macaques. Hence, it is an open question whether and to what extent a right-hemisphere preference of processing faces exists across primate brains. We investigated chimpanzees discriminating chimeric faces of chimpanzees and humans, i.e., the combination of either left or right sides of a face vertically flipped and merged into a whole face. We found an effect of choosing the left-chimeric face more often than the right-chimeric face as being the one of the two that is closer to the original face, reflecting an advantage for the right side of the brain to process faces, as reported in humans. Moreover, we found a modulation by age of the participants, suggesting that the exposure history with a particular category shapes the right-hemispheric neural correlate to a configural/holistic processing strategy. In other words, the findings in chimpanzee participants parallel those in human participants and are suggestive for similar neural machineries in the occipital-temporal cortices in both species.
Introduction
In humans, the right hemisphere of the brain is generally more reliable in discriminating faces (Geffen et al., 1971; Rizzolatti et al., 1971) , which becomes evident in a quicker (Broman, 1978) and more accurate (Hilliard, 1973; Ellis and Shepherd, 1975) identification of faces presented to the left than to the right visual field. Studies with lateral brain-damaged patients showed selective functional impairments in face processing (Levy et al., 1972; Sergent and Signoret, 1992; Bouvier and Engel, 2006) ; neuroimaging studies showed stronger activation in the right than in the left hemisphere (Gauthier et al., 1999; Ishai et al., 2000; GrillSpector et al., 2004; Golarai et al., 2007) or only activation in the right and none in the left hemisphere (Campanella et al., 2001; Morris et al., 2007; Rotshtein et al., 2007) .
In nonhuman primates, evidence for lateralization in face perception is mixed. Overman and Doty (1982) showed so-called chimeric faces (i.e., a face where one side is vertically flipped to the other side) to humans and macaques and found an advantage of processing for the left-chimeric faces in humans, but not in macaques. However, a split-brain study in monkeys showed a clear left visual field advantage (Hamilton and Vermeire, 1988) , apart from a series of unsuccessful attempts (Hamilton, 1977 (Hamilton, , 1983 . Indistinct are the activity profiles in the brains of macaques: while there is convincing evidence of hemispheric asymmetries for faces in favor of the right hemisphere using a dual-activity mapping technique (Zangenehpour and Chaudhuri, 2005 ) based on the induction of the immediate early gene zif268 (Chaudhuri et al., 1997) , there are disillusioning insights from functional magnetic resonance imaging (fMRI) in awake and anesthetized macaques showing no lateralized response characteristics (Bell et al., 2011; Popivanov et al., 2012) or lateralized response characteristics, but not predominantly in the right hemisphere (Ku et al., 2011) . In chimpanzees, chimeric faces of happy and neutral expressions were easier to discriminate when the happy half fell into the left visual field (Morris and Hopkins, 1993) . However, a left visual field advantage did not occur in a match-to-sample paradigm (Plotnik et al., 2003) .
Given this inconsistency, further clarification into the extent to which there is hemispheric specialization for face perceptionand more specifically face discrimination-in nonhuman primates is needed. We address the question: do chimpanzees exhibit a right-hemispheric advantage for the discrimination of faces? Given the similar design principle of the chimpanzee and human visual systems, we predicted that chimpanzees, like humans (Gilbert and Bakan, 1973) , would perceive a chimeric face containing the left halves of a face as being more similar to the original face than a face containing the right halves of that face.
Materials and Methods
Participants. Four chimpanzees (Pan troglodytes; 1 male juvenile, 1 female juvenile, both ϳ10 years old; 2 female adults, both ϳ30 years old) participated in this study. At the Primate Research Institute, chimpanzees live in groups of 14 individuals and have access to environmentally enriched outdoor (770 m 2 ) as well as indoor compounds. Over the years, they participated in various types of computer-controlled perceptualcognitive experiments. In addition, 12 human subjects (average age, 28.9 years; SD [standard deviation], 6.1 years) participated as control subjects to compensate for the low number of chimpanzee participants. All experiments were performed in accordance with the 2002 version of the Guidelines for the Care and Use of Laboratory Primates by the Primate Research Institute, Kyoto University. The experimental protocol was approved by the Animal Welfare and Care Committee of the same institute.
Stimuli. We used black-and-white pictures of eight chimpanzee as well as eight human individuals. The faces were normalized for luminance and contrast, placed in an image canvas of 533 ϫ 702 pixels and presented at 40 cm distance, corresponding to ϳ10.7 ϫ 14.25°of visual angle. In addition to the original picture, for each individual the two chimeric faces (left-chimeric and right-chimeric faces) were generated. The two sides (left and right) for the chimeric faces were extracted by cutting the original face in the vertical dimension. The cutting line was placed through the tip of the nose and the mid-intereye distance. Due to the constraint of a most accurate separation of the left and right sides, we used a limited set of eight original faces per class (chimpanzee and human faces). In addition to the eight chimeric faces, we used an additional set of 12 faces per class with two pictures of each individual. These stimuli were used for the control trials (see below, Procedure).
Apparatus. Chimpanzees participated in pairs (mother and daughter/ son). Stimuli were presented at a 17-inch liquid-crystal touch-panel display (1280 ϫ 1024 pixels) controlled by custom-written software under Visual Basic 2010 (Microsoft). Chimpanzees sat in two connected experimental chambers (each ϳ2.5 m wide, 2.5 m deep, 2.1 m high), while the experimenter sat outside the booth separated by transparent acrylic panels. The display was mounted into the acrylic panel. We tried to keep the distance between the display and the participant constant at ϳ40 cm. One degree of gaze angle corresponded to ϳ0.7 cm on the screen at a 40 cm viewing distance. The participants responded by touching the display surface with a finger. The display was protected from deterioration by a transparent acrylic panel fitted with an armhole (10 ϫ 47 cm) allowing hand contact with the display. Below the display, a food tray was installed in which pieces of food reward was delivered by a custom-designed feeder. Display and feeder were automatically controlled by the same program that controlled the display of the stimuli. Human participants were tested in a dedicated setup for psychophysical experiments under conditions comparable to the testing of chimpanzees. We did not use a chin rest, but instructed the participants to focus on the midpoint of the screen upon cue stimulus presentation and to keep their head position constant during the experiment. The degree of gaze angle was comparable to that of the chimpanzee participants.
Procedure. We used a delayed matching-to-sample paradigm (Fig. 1A , caption). The procedure was equivalent for chimpanzee and human participants. Each test trial was initiated by the participant by pressing a centrally presented button on the screen. This ensured that participants were initially looking at the midpoint of the cue stimulus. Test trials consisted of an original face picture (cue) centrally presented for 750 ms, followed by an intertrial interval of 500 ms, followed by the two chimeric faces of both left and right sides of the previously presented original face. A decision for either of the two chimeric faces was required, indicated by touching the stimulus. The location of the two chimeric faces was randomized and horizontally arranged with a spatial separation of 20 mm. Since for these trials, there is no correct or incorrect answer, we rewarded the chimpanzee participant regardless of behavior. To avoid random or idiosyncratic response strategies, we interspersed these test trials among no-test trials that contained a cue (1 individual) followed by a match (the same individual, but a different picture) and a distractor (different individual) at a ratio of 1:5. We divided the sequence into runs of 50 trials and alternated between runs of chimpanzee and human stimulus presentations. This task was restricted to chimpanzees that exceeded a baseline of correct discrimination of 85% in two consecutive sessions of unaltered chimpanzee and human faces (similar to the no-test trials). These results were reported previously (Dahl et al., 2013) . Two of six participants from that study (1 female juvenile, 1 female adult) were not qualified to proceed with the chimeric face experiment. For the others, we ran 300 chimeric trials per stimulus class. These runs were recorded in 12.5 Ϯ 1.9 d. The human participants did two runs of 24 trials, repeating each face three times. The order of runs and stimuli within the runs were fully counter-balanced across and within participants.
Data analysis. The dependent variable was (1) the cumulative number of decisions for the left-chimeric and the right-chimeric face and (2) the proportion of choices favoring the left-chimeric face over the rightchimeric face. We used binomial and Pearson's correlation tests to evaluate lateralization. Due to the low number of participants, we ran randomization procedures drawing values from independent Gaussian distributions with mean and SD of the original datasets and correlated these values. The 95% confidence intervals (CIs) were determined based on 1000 repetitions of this procedure.
Results
We tested the response biases of chimpanzee participants for chimeric faces of chimpanzees and humans containing either left or right face sides (1 side vertically flipped; Fig. 1A ). An unaltered cue stimulus (e.g., original Face 1) was centrally presented followed by the left and right side versions of the same face (Face 1l, Face 1r). We found a systematic decision bias toward the leftchimeric faces of chimpanzees in all of the four chimpanzee participants, which was significant after 126 trials ("normal" trials not included) (binomial test: N ϭ 126, p Ͻ 0.05; Fig. 1B , left, E, left, arrowheads). Three of four chimpanzees showed a significant bias for left-chimeric faces of humans, which was significant at individual level after maximally 85 trials (N ϭ 85, p Ͻ 0.05; Fig.  1B , right, E, right, black arrowheads). Using an iterative randomization procedure (1000 repetitions), we generated binary sequences (1, Ϫ1), representing decisions for left-chimeric and right-chimeric faces, by cumulatively adding up the number in the individual sequences. We finally computed the 95% CIs from the randomized dataset and compared the actual values with these. We showed that all of the participants were with 5% confidence beyond the criteria of a random left-right chimeric face bias for chimpanzee faces, while for human faces three of the participants were beyond the criteria and one almost reached the level of 95% CI. The 95% CI is indicated by the light red color patches along the zero line on the x-axis (Fig. 1B) . More critically, the left-chimeric face bias was modulated by the species of the face stimulus, i.e., greater for old chimpanzees in human than in chimpanzee faces and greater for young chimpanzees in chimpanzee than in human faces. Among the four participants, we found a negative correlation between left-chimeric face bias for chimpanzee and human faces being significant at the 5% level after 208 trials ("normal" trials excluded; r (2) ϭ Ϫ0.90, p Ͻ 0.05; Fig. 1G ). We tested the hypothesis that the correlation among the two datasets arose by chance by drawing values from two independent distributions. We extracted four values for each of the two datasets (left-chimeric face bias for chimpanzee and human stimuli) from respective Gaussian distributions with mean and SD of the original datasets and correlated these values (see Materials and Methods). We found that a random effect can be excluded at the 5% significance level. More interestingly, in our recent study, we showed a systematic modulation of discrimination performance by age (Dahl et al., 2013) : young chimpanzees (ϳ10 years) showed better discrimination abilities for chimpanzee than human faces, while old chimpanzees (ϳ30 years) showed better discrimination abilities for human than chimpanzee faces. We here reconsider this dataset and found that the laterality bias in each participant after 300 trials (left-chimeric face bias of chimpanzee and human faces) is closely linked to the classification performance index for both chimpanzee and human stimulus sets (Dahl et al., 2013 ; performance index: scores for chimpanzee-human faces; r (2) ϭ 0.97, p Ͻ 0.05; Fig. 1D ) using a Pearson's correlation test. To test the hypothesis that the correlation among the two datasets arose by chance by drawing values from two independent distributions, we extracted four values for each of the two datasets (left-chimeric face bias for chimpanzee and human stimuli and the discrimination experiment of both chimpanzee and human faces; Dahl et al., 2013) from respective Gaussian distributions with mean and SD of the original datasets and correlated these values. A random effect can be excluded at the 5% significance level.
To account for the low number of chimpanzee participants, we tested 12 human participants under the analogous hypothesis. We found a systematic decision bias toward the left-chimeric faces of humans in all human participants (binomial test: N ϭ 24, p Ͻ 0.05; Fig. 1C,F, light gray line) . Eleven of 12 humans showed a significant bias for left-chimeric faces of chimpanzees (N ϭ 24, p Ͻ 0.05; Fig. 1C,F, dark gray line) . As for the chimpanzee participants, we generated binary sequences (1, Ϫ1), representing decisions for left-chimeric and right-chimeric faces, by cumulatively adding up the number in the individual sequences. We showed that at the population level humans were with 5% confidence beyond the criteria of a random left-right chimeric face bias for chimpanzee and human faces. The 95% CI is indicated by the light red color patches along the zero line on the x-axis (Fig.  1C) . In addition, we tested whether the level of expertise with chimpanzee faces causes a difference in the number of decisions toward the left-chimeric face. We compared chimpanzee-naive participants (N ϭ 6) with students (N ϭ 6) from the Primate Research Institute of Kyoto University, who were exposed to 13 chimpanzees at a regular basis over a maximum of 5 years. Using a mixed-model ANOVA (with stimulus class and expertise level as fixed factors), we could not find a significant interaction between the factors stimulus class and expertise level ( p Ͼ 0.17). However, using a two-sample t test, we found a difference in the proportions of choosing left-chimeric chimpanzee above leftchimeric human faces (proportion choosing left-chimeric hu- . The x-axis shows the discrimination bias, i.e., the subtraction of performance scores for chimpanzee faces from those for human faces. Positive values indicate better performance for chimpanzee than human faces. The y-axis indicates the left chimeric face bias, i.e., the subtraction of the left-chimeric face biases for chimpanzee faces from those for human faces. Positive values indicate a stronger bias for chimpanzee than human faces. Individual participants are marked by a colored circle. E, Distributions of p values for chimpanzee participants. Binominal tests were conducted for each point in time to determine the effect of left-chimeric face biases. The color lines represent the participants, the dashed line represents the significance level of 5%, while the arrowheads mark the individual significance level of 5% (black) and 6.5% (gray, Y1 for human faces). F, Distributions of p values for human participants. Binomial tests were conducted similar to chimpanzee participants. G, Negative correlation between the left-chimeric face biases for chimpanzee and human face stimuli. Colored lines indicate the participants; the gray-yellow background indicates the level of significance (while black circles mark p Ͻ 0.05). H, Level of expertise. The performances of chimpanzee-novice and chimpanzee-expert human participants were contrasted for chimpanzee and human chimeric faces. man faces minus proportion choosing left-chimeric chimpanzee faces) between the two groups (t (10) ϭ Ϫ1.93, p Ͻ 0.05; mean "novices," 0.05; mean "experts," 0.16; 1-tailed; Fig. 1H ), suggesting a stronger lateralized processing of chimpanzee faces with as little as a few years of exposure to a limited number of chimpanzees (expert group) as opposed to the novice participants with no specific exposure history to chimpanzees. Given the relatively weak effect size, the exact nature of modulation by expertise needs to be further established.
In summary, we found a left-chimeric face bias in chimpanzees for both chimpanzee and human faces, as reflected in the number of choices favoring left-chimeric faces over rightchimeric faces. Chimpanzees exhibit a right-hemispheric advantage for the processing of faces. In context with a recent study (Dahl et al., 2013) , the current results reflect the differential contributions of early and late processes in face perception that drive the perceptual system to chimpanzee faces early in life (perceptual narrowing; Sugita, 2008) and shape it in the long term along the critical dimensions of the faces exposed to (perceptual learning; Goldstone, 1998). In detail, the effect size was modulated by the individual discrimination ability in both types of faces, revealed by a positive correlation between the performance in chimpanzee and human faces (Dahl et al., 2013) and the righthemispheric dominance of processing faces in the brain: the young chimpanzees showed a stronger left-chimeric face bias in chimpanzee than human faces along with a better performance in discriminating chimpanzee than human faces. The opposite trend was found for old chimpanzees, which had an immense exposure to human faces over their lives. Fully in accordance with the findings in chimpanzees, findings in human participants showed a left-chimeric face bias toward conspecific faces and a weakened effect for faces of expertise.
Discussion
While in humans insights into lateralized processing of faces in the brain exist on various levels, for example, lateralized brain activation (Kanwisher et al., 1997; McCarthy et al., 1997) , splitbrain patients (Gazzaniga and Smylie, 1983; Miller et al., 2002) , left-gaze bias (Mertens et al., 1993; Butler et al., 2005) , left-visual field advantages (perceptual judgments of gender, age, identity, expression, likeness, and attractiveness; Gilbert and Bakan, 1973; Burt and Perrett, 1997; Butler et al., 2005) , in nonhuman primates the findings are less consistent: the left-visual field advantage was tested in chimpanzees in a match-to-sample paradigm (with no temporal delay between cue and match-distractor pair; Plotnik et al., 2003) , similar to the one used in the current study. The study found no bias toward the left-chimeric faces, suggesting no left-visual field advantage in chimpanzees. However, the difference between that and our study was that in their study chimpanzees were extensively trained on matching chimeric faces (including a chimeric face as cue) before the actual test condition, which included an original (unaltered) face (cue) followed by the left and right chimera. The training might lead to idiosyncratic response strategies to successfully differentiate between the two chimeric faces of one individual resulting in unbiased responses in the testing phase (where both "match" and "distractor" are correct). In contrast, the chimpanzees in our study have never experienced chimeric faces in their past. Further in support of a left-visual field advantage, chimpanzees were tested on the ability to discriminate happy from neutral human faces (Morris and Hopkins, 1993): the likelihood of selecting the smiling half was larger when it fell into the left hemispatial field. A PET study in chimpanzees showed no right hemispheric lateralization when comparing face and object activations. However, a general patch of activation was found in the right ventral temporal sulcus (Parr et al., 2009) , which resulted from comparisons of faces or objects against a resting period. This is suggestive, but not critical enough to claim face-selective patches. Patches in the face-versus-resting condition can arise from feature dimensions similar to those of objects and not selectively from faces. Behavioral evidence in terms of a left-gaze bias toward conspecific and human faces was found in laboratory-raised macaques, while domestic dogs showed a left-gaze bias selectively to human, not conspecific, and monkey faces (Guo et al., 2009) , suggesting a face-sensitive and species-sensitive gaze asymmetry. The left-gaze bias reflects to some degree both the hemispheric lateralization in face processing and the sampling of salient and relevant facial information from local facial features (Butler et al., 2005) . Striking behavioral evidence for brain asymmetries in monkey comes from split-brain studies: an inversion effect for faces has been shown involving the right hemisphere (Vermeire and Hamilton, 1998) , indicating that monkeys process faces configurally in the right hemisphere, but when required they can employ part-based processing in both hemispheres. Further, split-brain monkeys showed advantages in learning and remembering facial discriminations in the right hemisphere (Vermeire et al., 1998) . The brain activation profiles caused by face stimulation are not entirely consistent across the literature. A study using a dual-activity mapping technique (Zangenehpour and Chaudhuri, 2005) , based on the induction of the immediate early gene zif268 (Chaudhuri et al., 1997) , provided direct evidence at the cellular level for a right-hemispheric asymmetry of face patches throughout the inferotemporal cortex in macaques. However, fMRI in awake and anesthetized macaques showed lateralized response characteristics, but not predominantly in the right hemisphere (Ku et al., 2011) . While some studies are suggestive for a humanlike brain architecture (Tsao et al., 2008) , by showing righthemispheric face patches from area V4 to rostral temporal cortex (Tsao et al., 2003) , others show equivalently pronounced face patches between the hemispheres (Bell et al., 2011; Popivanov et al., 2012) . Early work using single-cell recordings revealed clear evidence for asymmetrically right-hemispheric representations of face-selective neurons in the superior temporal sulcus of the monkey brain (Perrett et al., 1988) . Together, individual findings are supporting the notion that monkeys, similar to humans, process faces dominantly in the right hemisphere of the brain. However, in a broad perspective, it is still far from clear whether human and monkey brains show similarities in the distribution of face selectivity. The factors that determine the large variability in monkey face patches across studies remain elusive to a great extent.
In the current study, we found an asymmetric contribution between the right and left sides of chimpanzee and human faces, reflected in a preference to select the left-chimeric over the rightchimeric face. An explanation for this effect is that these faces were asymmetrically presented to the two hemispheres by, for example, a skewed initial landing fixation (Hsiao and Cottrell, 2008) . This, however, was unlikely since each trial was initiated by a start button that guides the participant's eye gaze to the center of the screen and, upon presentation of the cue stimulus, to the center of the face. Further, following the cue stimulus and the intertrial interval, the two (left and right) chimeric faces were presented horizontally arranged to both sides of the screen in a counter-balanced fashion. Our results not only reflect a leftchimeric face bias, but a relative contribution of the tuning of the face system toward one or the other face class to the left-chimeric face bias. We double-dissociate the findings using a human control group with different levels of expertise with chimpanzee faces. Hence, it seems very unlikely that our findings result from an asymmetric distribution.
More interestingly, left-lateralized processing of one class of faces (chimpanzee or human faces) correlates with the general discrimination performance (Dahl et al., 2013) for that type of face. This suggests that there is a qualitative difference in the processing of "expert" faces (e.g., conspecific and/or heavily exposed faces) as opposed to "nonexpert" faces (e.g., nonconspecific and/or less exposed faces), as previously shown in humans (Michel et al., 2006; Kelly et al., 2007; Dahl et al., 2009 ) and macaque monkeys (Dahl et al., 2009 (Dahl et al., , 2010 (Dahl et al., , 2011 : the more exposure toward one type of faces, the more the perceptual system relies on face-specific right-hemispheric processing, also shown in sheep (Peirce et al., 2000) . However, the perceptual system for face recognition is not a binary system; rather the system changes gradually in the amount of involvement of right-hemispheric processing with increasing exposure (Dahl et al., 2013) . In the case of the chimpanzee participants that lived in captivity for most of their lives, we observe a systematic adaptation of righthemispheric processing from one class of faces, the chimpanzee faces, which the perceptual system tuned to due to early life processes, such as perceptual narrowing (Pascalis et al., 2002; McKone and Crookes, 2007) , to another class, here the human faces, toward which the system adapted to due to lifelong and constant exposure of novel exemplars, i.e., perceptual learning (Goldstone, 1998; Bukach et al., 2006) . Along the same line, it has been shown that the right-hemispheric dominance in processing faces is not prespecified, but requires early visual experience (Le Grand et al., 2003) and that expertise for cars and birds elicit righthemispheric activation predominantly in human "face areas" (Gauthier et al., 2000) , hence reflecting the degree to which the face perception system stays plastic and adapts to the environmental conditions.
Assuming the left hemisphere is involved in analytic processing and the right hemisphere in configural processing (Bradshaw and Nettleton, 1981) , the perceptual systems of our participants, showing biases to the left-chimeric faces in chimpanzee and human faces, are configurally processing both types of faces to some extent. Hence, the gradual change in processing strategies seems to reflect a balanced interplay of configural and part-based processes weighted according to the tuning of the participant's visual system toward a face class. This can be explained by the fact that chimpanzee and human faces are to some degree similar and share facial features or configurations (Dahl et al., 2013) . This view is entirely compatible with neural data suggesting overlapping regions or neurons responding to human and macaque faces in the macaque brain (Sato et al., 2009) .
The presented findings are not only suggestive for a greater involvement of the right hemisphere of the brain in face perception, but also for a right-hemispheric dominance in expert-face processing relying on configural/holistic processing strategies. Given numerous findings of hemispherically unbiased face representations in the brains of macaques (Bell et al., 2011; Ku et al., 2011; Popivanov et al., 2012) , we cannot generalize that cerebral asymmetries are a common heritage of primates. However, we present a further piece of behavioral evidence in favor of functional asymmetry as a key principle of primate cognition that might serve as the basis from which the human species has evolved mechanisms to account for more specific functions in vision, communication, and language as well as manual control (Gunturkun, 2012).
